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Micro-computed tomography 
and histology to explore internal 
morphology in decapod larvae
Diego Castejón  1, Javier Alba-Tercedor  2, Guiomar Rotllant1, Enric Ribes3, Mercè Durfort3 & 
Guillermo Guerao4
Traditionally, the internal morphology of crustacean larvae has been studied using destructive 
techniques such as dissection and microscopy. The present study combines advances in micro-
computed tomography (micro-CT) and histology to study the internal morphology of decapod larvae, 
using the common spider crab (Maja brachydactyla Balss, 1922) as a model and resolving the individual 
limitations of these techniques. The synergy of micro-CT and histology allows the organs to be easily 
identified, revealing simultaneously the gross morphology (shape, size, and location) and histological 
organization (tissue arrangement and cell identification). Micro-CT shows mainly the exoskeleton, 
musculature, digestive and nervous systems, and secondarily the circulatory and respiratory systems, 
while histology distinguishes several cell types and confirms the organ identity. Micro-CT resolves a 
discrepancy in the literature regarding the nervous system of crab larvae. The major changes occur in 
the metamorphosis to the megalopa stage, specifically the formation of the gastric mill, the shortening 
of the abdominal nerve cord, the curving of the abdomen beneath the cephalothorax, and the 
development of functional pereiopods, pleopods, and lamellate gills. The combination of micro-CT and 
histology provides better results than either one alone.
Decapods are an important economic resource that mobilizes billions of dollars per year in fishery and aqua-
culture production1, and decapod larvae play a crucial role in population dynamics, species dispersal, settle-
ment, and recruitment in marine environments2. The capacity to explore their internal morphology in detail is 
important in order to understand these organisms from a functional and evolutionary perspective3–5, but few 
detailed studies have been made on this topic6–10. Dissection and histology are the most classical approach, but 
their invasiveness leads to the alteration and destruction of the specimens11. The study of internal morphology 
received a significant advance with the arrival of confocal laser scanning microscopy (CLSM), which uses stacks 
of two-dimensional sections to reconstruct three-dimensional models12,13. This approach has been applied in 
non-insect pancrustaceans for the study of embryos and larvae, but it is limited by light penetration and the 
staining properties of the tissues14–16.
A further advance was achieved with the development of micro-computed tomography (micro-CT), which 
uses the X-ray absorption properties of tissues to obtain the two-dimensional sections required for the recon-
struction of a three-dimensional model and provides higher resolution and deeper penetration than CLSM11,17–20, 
allowing to look at the internal morphology of the whole animal without the need of dissection or histology4. In 
adult decapods, this technology has been applied in spiny lobsters to study the ossicles of the stomach21, in carid-
ean shrimps to study the alimentary tract22, and in brachyuran crabs to describe their general anatomy23 and the 
female reproductive system24. It has also been applied to measure the volume of parasitic rhizocephalan structures 
inside the host body of adult decapods25. Recently, Spitzner et al.10 published a micro-CT–based study focusing 
on the organogenesis of larvae of the shore crab, Carcinus maenas, demonstrating the value of this technique.
Micro-CT is a powerful tool for studying internal morphology but still has some limitations with regard to 
discriminating adjacent structures with similar X-ray absorbance and resolving the tissue arrangement. Those 
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limitations might be solved by combining micro-CT with histological sections. Hence, the main objective of 
the present study was to test the combination of micro-CT and histology for studying the general internal mor-
phology of a representative decapod, the common spider crab (Maja brachydactyla Balss, 1922), during its larval 
stages.
Results
Micro-CT and histology show the internal organs and other inner structures of the larval stages of M. brachy-
dactyla, zoea (Figs 1–2) and megalopa (Figs 3–6), resolving their identification and distribution. The internal 
gross morphology (location and shape of the inner structures) is similar in micro-CT and histology (Figs 1–6). 
Micro-CT shows better results for studying the shape, volume, and location of several organs, resolving the gross 
morphology of the anatomy and the relationship among organs (Figs 1–4). The main limitation of micro-CT lies 
in the difficulty of identifying adjacent structures with similar X-ray absorptive properties. Histology improves 
the identification of structures with similar X-ray absorptive properties and discerns their tissue arrangement and 
cellular organization (Figs 1–2 and 5–6).
The resolution of micro-CT discriminates primarily the digestive and nervous systems, the musculature, the 
exoskeleton, and the eyes, and secondarily the respiratory and circulatory systems (Figs 1–4 and Supplementary 
Figs (S)8, 11, 13, 15, 17–19 and Videos 1–4). The digestive system is located medially, between the circulatory 
system (positioned dorsally) and the nervous system (positioned ventrally). It is composed of the oesophagus, 
stomach, midgut tract, midgut caeca, midgut gland (also known as the hepatopancreas), and hindgut (Figs 1–6 
Figure 1. Zoea I, sagittal plane. General diagram (A). Histology, haematoxylin-eosin (B). Micro-CT volume 
rendering reconstruction (C). Abbreviations: AC, anterior caeca; ANC, abdominal nerve cord; CL, cortical layer 
of the ganglion; CS, cardiac stomach; ESO, oesophagus; G, glands; H, heart; HT, hindgut tract; M, muscles; MGl, 
midgut gland; MT, midgut tract; N, neuropile of the ganglion; PA, posterior aorta; PS, pyloric stomach; TGM, 
thoracic ganglionic mass; S, syncerebrum.
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and S1–17 and Videos 1–3). The nervous system is composed of an anterior syncerebrum26 (“brain”), the thoracic 
ganglionic mass, and an abdominal nerve cord formed by a pair of fused nervous chains (Figs 1, 3, 4C and 5  
and S1, 3–6, 8, 10, 11, 14, 15, 17 and Videos 1–3). Histology resolves in detail the circulatory and respiratory 
systems, and reveals the different glands. The circulatory system includes a dorsal heart associated with the main 
arteries (Figs 1–3, 4A, 5 and 6 and S1, 3–7, 9, 10, 12, 14, 16). The respiratory system increases in complexity after 
the moult to megalopa, with the formation of gills in the branchial chamber (S14, 15 and 19). The reproductive 
Figure 2. Zoea I, dorso-ventral plane of the digestive system. General diagram (A). Histology, haematoxylin-
eosin (B). Micro-CT volume rendering reconstruction (C). Abbreviations: CS, cardiac stomach; E, eye; HT, 
hindgut tract; M, muscles; MGl, midgut gland; MT, midgut tract; P, pereiopods, PA, posterior aorta; PS, pyloric 
stomach.
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system is not identified in any larval stage. The elements of the digestive system and nervous system are the easiest 
organs to observe, so they are described in detail below.
The oesophagus is a short tube that communicates the mouth opening to the ventral floor of the stomach 
(Figs 1, 3, 5 and S1, 3, 6). In micro-CT, the oesophagus shows a narrowing at the juncture with the stomach 
(Figs 1C and 3C). Histology reveals a lumen lined by a simple epithelium covered apically by a very thin cuti-
cle (Figs S3, 6) and a continuous band of circular muscles (Figs 1B and S1). The nervous system surrounds the 
oesophagus (S3) laterally and anteriorly forms a syncerebrum (Figs 1, 3, 5 and S1, 6). Histology also reveals small 
groups of rosette glands associated with the mouth opening, labrum and mouthparts (Figs 1, 5 and S1, 6), and the 
antennal glands located on the base of the antennae (S3).
The oesophagus is followed by the stomach; it is subdivided into the cardiac and pyloric stomach by the 
cardio-pyloric valve (Figs 1–6 and S1–3, 6–13). The stomach of the zoea sustains thick, large setae over the 
cardio-pyloric valve (S2, 3). The pyloric stomach has postero-ventral pouches protecting the pyloric filters 
(S10–13). The stomach undergoes a drastic change after the moult to megalopa: the cardiac stomach enlarges 
antero-laterally and develops the ossicle armature and gastric mill (Figs 3–6 and S6–9). Micro-CT shows the 
single propyloric and urocardiac ossicles and the paired pterocardiac and zygocardiac ossicles (Fig. 4A), while 
the sharp teeth of the gastric mill are observed by either micro-CT (Fig. 3C and Video 1 time 0:40-0:45) or his-
tology (S6, 7 and 9). The stomach walls are associated with thick muscle bundles attached to the dorsal tegument 
Figure 3. Micro-CT volume rendering reconstructions of different latero-sagittal sections of the megalopa 
larva from close to the lateral external wall toward the inner-medial body (A–C). Abbreviations: (*), cardio-
pyloric valve; AC, anterior caeca; ANC, abdominal nerve cord; CS, cardiac stomach; ESO, oesophagus; G, 
glands; H, heart; HT, hindgut tract; LT, lateral tooth of the gastric mill; M, muscles; MGl, midgut gland; MT, 
midgut tract; PS, pyloric stomach; TGM, thoracic ganglionic mass; S, syncerebrum.
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(Figs 1–3, 6 and S1–3, 7, 13). Thin muscle bundles connect the cardiac to the pyloric stomach, whose organization 
is easier to study by histology than by micro-CT (S3). Histology shows a single anterior aorta above the stomach, 
in addition to a pair of anterolateral arteries crossing between the dorsal muscle bundles (S3, 10, 12).
The midgut tract is a short, cylindrical tube. Both micro-CT and histology show that midgut tract is connected 
anteriorly to the pyloric stomach, the pair of anterior caeca, and the main tubes of the midgut gland; posteriorly, 
the midgut tract is connected to the midgut-hindgut junction and the posterior caecum (Figs 1–6 and S1, 2, 6, 8, 
13). Histology reveals that the midgut tract has a simple columnar epithelium with a brush border (S1, 2, 4, 6). 
The midgut tract is associated with three midgut caeca: a pair of anterior caeca and a single posterior caecum. 
Micro-CT shows the caeca to be short, blind-end tubules with a finger-like shape. Micro-CT discriminates that 
the pair of anterior caeca are projected forward from the anterior end of the midgut tract; they extend above the 
pyloric stomach and are partially covered by the adjacent midgut gland and musculature (Figs 3C, 5B and S7, 8, 
12, 13 and Video 4); on the other hand, the single posterior caecum projects laterally from the midgut side of the 
midgut-hindgut junction over the hindgut tract walls (Figs 4B and S8, 13). The pericardium and heart are located 
above the midgut tract and associated caeca (Figs 1, 3, 5, 6 and S1, 4, 6). Histology shows that the pericardium is a 
sac-like structure that surrounds the heart intimately with a single layer of plain cells, and that the heart walls are 
lined by a thin layer of plain cells (S1, 6, 7, 9). Micro-CT and histology reveal that the heart has numerous internal 
muscular fibres forming trabeculae-like structures (Fig. 3A–C and S7).
Figure 4. Micro-CT volume rendering reconstructions of the megalopa larva in dorsal (A) and ventral (C) 
views. Dorso-ventral plane of the digestive system (B). Abbreviations: ANC, abdominal nerve cord; CS, cardiac 
stomach; E, eyes; GC, gill chamber; H, heart; HT, hindgut tract; M, muscles; MGl, midgut gland; MT, midgut 
tract; Pro, propyloric ossicle; Pto, pterocardiac ossicle; PC, posterior caecum; PS, pyloric stomach; TGM, 
thoracic ganglionic mass; UO, urocardiac ossicle; ZO, zygocardiac ossicle.
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The midgut gland (MGl) is the most voluminous organ of the digestive system, and is well shown by micro-CT. 
It is composed of blind-end tubules forming a pair of symmetric halves laterally covering the pyloric stomach and 
midgut tract (Figs 3, 4B and S8, 13). Histology shows that the MGl has a simple columnar epithelium with a brush 
border composed of different cell types: 1) resorptive cells (R) with medium-sized nucleus, lightly stained cyto-
plasm, and infranuclear lipid vesicle; 2) fibrillar cells (F) with large nucleus and strongly stained cytoplasm; and 3) 
blister-like cells (B) with a giant supranuclear vesicle (usually called vacuole27) (S1, 2, 10, 12, 14). Underlying the 
midgut tract and the MGl, the thoracic ganglionic mass is observed (Figs 1, 3, 4C, 5 and S1, 4, 6, 8, 10, 11, 14, 15). 
Its three-dimensional organization is one of the most visible structures in micro-CT. The thoracic ganglionic mass 
is expanded laterally, acquiring a plate-like shape from which fibre-like nerves extend towards the pereiopods 
(Fig. 4C).
The hindgut includes the hindgut tract and a thickened anus (S17). Micro-CT reveals the entire length of the 
hindgut tract as a long tube extending from the midgut-hindgut junction to the last pleonite, whose diameter is 
smaller than that of the midgut tract (Figs 3B,C, 4B and S8, 13). Histology shows that the lumen of the hindgut 
is folded and lined by a simple epithelium covered apically by a thin cuticle (S5, 16). Above the hindgut, a sin-
gle posterior aorta follows the midline of the pleon (S5, 16). Beneath the hindgut, the abdominal nerve cord is 
observed. Micro-CT reveals in the zoea the presence of the abdominal nerve cord from the first to the fourth 
pleonite (Fig. 1B,C), while in the megalopa it is displaced anteriorly, compressed, and composed of 3-4 pairs of 
fused ganglia reaching the second pleonite (Figs 3, 4C and S8, 17).
The branchial chambers of the megalopa contain lamellate gills. Histology shows the gills to have a single 
layer of squamous epithelial cells covered apically by a thin cuticle (S14), while micro-CT of the gills shows the 
phyllobranchiate structure of the brachyurans, with parallel lamellae extending from a central filament (S15, 19).
Discussion
The synergy of micro-CT and histology for studying inner morphology and tissue arrangement is proved in the 
present study using a decapod species larva as a model. The internal morphology of the zoea shows slight differ-
ences from that of the megalopa (e.g. a simpler stomach and longer abdominal nerve cord), whereas the internal 
morphology of the megalopa resembles that observed in the adult stage28. The general morphology of the diges-
tive system of Maja brachydactyla coincides largely with that described in other decapods, including adult29–31 
and larval stages6–10. The oesophagus is a short tube whose function is to swallow the food (for an extensive study, 
see Castejón et al.32). In the megalopa stage, the stomach develops a gastric mill as reported in numerous species 
of true crabs (Brachyura)33–36 and other decapods37,38: it mills the food before it enters the midgut gland29–31. 
Micro-CT reveals that gastric mill teeth are sharp in the megalopa, as reported by scanning electron microscopy 
in a previous study on M. brachydactyla34. Micro-CT reveals that the midgut gland has a morphology based on 
blind-end tubules, while histology shows several epithelial cell types, as occur in adult decapods27,29–31. Those 
Figure 5. Megalopa, sagittal plane. General diagram (A). Histology, haematoxylin-eosin (B). Abbreviations: 
AA, anterior aorta; AC, anterior caeca; ANC, abdominal nerve cord; CS, cardiac stomach; ESO, oesophagus; G, 
glands; H, heart; HT, hindgut tract; M, muscles; MGl, midgut gland; MT, midgut tract; PA, posterior aorta; PS, 
pyloric stomach; TGM, thoracic ganglionic mass; S, syncerebrum; VTA, ventral thoracic artery.
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cell types might be involved in chemical digestion and nutrient absorption27,29–31. As reported in adult brachyu-
rans28,36, the midgut tract is a short tube, whose role is associated with peritrophic membrane production and 
nutrient absorption29–31. The epithelium of the midgut tract and midgut gland has a brush border identified as 
microvilli with secretory and absorptive role30,31. Micro-CT resolves the gross morphology of the midgut caeca 
as very short blind-end tubules, as reported in C. maenas larvae10. It is interesting that brachyurans have very 
small midgut caeca in the larval stages, because in adults they are very long and coiled, unlike in other decapods 
(specifically shrimps and crayfishes), which have small, vestigial midgut caeca39. However, the role of this organ 
is unclear. The hindgut tract is a large tube coinciding with previous reports of adult brachyurans28,36. This organ 
participates in the osmoregulation and the formation of the feces29–31.
The most characteristic feature of the nervous system is the plate-like shape of the thoracic ganglionic mass. 
This morphology is typical of brachyurans and has been widely reported, including for larval stages6,9,40. By con-
trast, the morphology of the abdominal nerve cord of the megalopa has been a subject of controversy: it has been 
reported to be extended along the entire pleon8, to be an organ with six ganglia displaced anteriorly6, and to a 
short chain composed of three ganglia9. The micro-CT employed in the present study resolved this discrepancy, 
revealing a short organ composed of three to four pairs of fused ganglia displaced anteriorly, occupying only the 
anterior pleonites.
The internal trabeculae-like structures found on the heart have also been reported in the heart of adult deca-
pods, forming internal sub-chambers31,41–43. The vessels are more visible by histology than by micro-CT, adding 
value to traditional histology as a complementary tool. The location of the main arteries also coincides with that 
described in other decapods41–46, including larval stages8,10. The presence of a fully functional circulatory system 
reveals that from hatching the larvae require a continuous oxygen and nutrient supply.
Figure 6. Megalopa, dorso-ventral plane of the digestive system. General diagram (A). Histology, 
haematoxylin-eosin (B). Abbreviations: (*), cardio-pyloric valve; AA, anterior aorta; CS, cardiac stomach; 
GME, ganglionic mass of the eye peduncle; E, eye; GC, gill chamber; H, heart; HT, hindgut tract; M, muscles; 
MGl, midgut gland; MT, midgut tract; PA, posterior aorta; PS, pyloric stomach.
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The internal organs were observed equally by micro-CT and histology, though different procedures were 
applied: drying for micro-CT and paraffin infiltration for histology. Previous studies have reported that internal 
organs are observed equally by micro-CT and descriptive studies in honeybees47, and by micro-CT and dissected 
organs in lepidopterans48 and marine worms11, thus supporting the value of micro-CT as tool for study the inter-
nal morphology. Several biomedical studies have also reported a correlation between the models obtained by 
micro-CT and the images obtained by X-ray radiographies49 and histological and ultra-structural sections50–52. 
Therefore, the methodology presented in this study can be applied in several fields; specially, those focused on 
animal morphology, including biomedical sciences.
In this study, micro-CT resolves the gross morphology and spatial organization and is especially useful for 
studying the exoskeleton, the nervous system (ganglionic medullas of the eyestalk, syncerebrum, thoracic gangli-
onic mass, and abdominal nerve cord), the digestive system (oesophagus, stomach, midgut tract, midgut gland, 
midgut caeca, and hindgut) and the musculature. These findings coincide with those of previous studies in which 
micro-CT resolves the exoskeleton and its degree of mineralization during the moulting cycle53, the neuroanat-
omy4,5,10,54–57, the digestive organs4,10,55–58, and the body musculature3,4,10,18,55,56. Spitzner et al.10 recently studied 
the ontogeny of anatomical structures in C. maenas using micro-CT and histology. These authors mainly used 
micro-CT to resolve the nervous system, the digestive organs, and the body musculature through a segmentation 
procedure. In the present study, the images were rendered using CTVox and enhanced by transparency, offering 
additional advantages: the structures have a smoother silhouette and greater detail, and are shown all together, 
allowing the associations among organ systems to be studied in a more natural context. Therefore, we recom-
mend the CTVox procedure as a complementary tool for resolving animal anatomy. Spitzner et al.10 employed 
histological methods to highlight the organs and structures that were not resolved by micro-CT. In the present 
study we used a different approach: the histological slices were correlated with micro-CT sections to study the 
same body part and their anatomical structures with both techniques. Our approach allows a direct comparison 
between techniques and histology resolves the identity and tissue arrangement of the structures observed by 
micro-CT. Therefore, the combination of micro-CT and histology to study correlated sections allows all organs 
to be identified easily, revealing simultaneously the gross morphology (shape, size, and location) and histological 
organization (tissue arrangement and cell identification). The synergy of micro-CT and histology allows histo-
logical sectioning to be extrapolated to a third dimension, and provides an optimal set of tools for describing the 
internal morphology of small animals.
Methods
Animal culture. The species selected as a model was the common spider crab (Maja brachydactyla Balss, 
1922), which has two larval phases: the zoea and the megalopa59. The larvae were obtained and cultured using 
a method successfully applied in a previous study60. In brief, adult specimens (six females and one male) were 
maintained in 2000-L cylindrical tanks at a renewal rate of 3.5 m3 h−1, 18 ± 1 °C, a salinity of 35 ± 1 ppt, and 12 
light hours per day, and were fed with mussels. The larvae within ca. 15 hours after hatch (zoeae) were collected 
from the adult tanks and cultured in 600-mL glass beakers placed inside incubation chambers at a temperature of 
21 ± 1 °C, a salinity of 35 ± 1 ppt, and 12 light hours per day, and were fed with Artemia sp. nauplii.
Histology. Around 30 zoeae and megalopae were examined. The whole larvae were fixed in Davidson’s fix-
ative (absolute ethanol, filtered seawater, 37% formaldehyde, glycine and glacial acetic acid in a proportion of 
3:3:2:1:1) for 24 h. Then, they were dehydrated in an ethanol and xylene series (70% ethanol for 3 h, then 96% 
ethanol, 100% ethanol, 100% ethanol, a 1:1 solution of ethanol and xylene, 100% xylene, and 100% xylene; 1 h 
per bath) and infiltrated with paraffin (2 baths, 6 h each) using an automatic tissue processor (Myr, Spain). The 
paraffin blocks were prepared in a paraffin processor composed of a dispensing module for heated liquid paraffin 
and a table-top cooling plate as a cooling module (Myr, Spain). The blocks were sliced into 2-µm sections using 
a microtome (Leica RM2155, Leica Microsystems, Wetzlar, Germany). Previously to staining, the paraffin was 
removed from the slices with 100% xylene (2 baths, 10 min per bath) and slices were rehydrated (100% ethanol, 
90% ethanol, 70% ethanol, and distillate water; 5 min each bath). Then, they were stained with haematoxylin 
(Haematoxylin Solution Harris Modified, HHS32-1L Merck former Sigma-Aldrich, Germany) and eosin (Eosin 
Y Solution, HT110232-1L Merck former Sigma-Aldrich, Germany), following the protocol: 1) staining with hae-
matoxylin for 5-6 min, 2) cleaning with tap water for 5-10 min, and 3) staining with eosin for 4-5 min. Finally, 
the slices were dehydrated (96% ethanol, 100% ethanol, 100% ethanol, 100% xylene, 100% xylene; 5 min each 
bath) and mounted in glass microscope slides (mounting medium: Eukitt® Quick-hardening mounting medium, 
03989-100 mL Merck former Sigma-Aldrich, Germany). The observations were performed in optical microscope 
(Leica LB30T 111/97) connected to a camera (Olympus DP70 1.45 Mpx; Olympus Corporation, Germany) and 
an image analysing system (DP Controller 2.1.1.83 and DP Manager 2.1.1.163; Olympus Corporation, Germany).
Micro-computed tomography (micro-CT). The zoea was fixed in a solution of cacodylate buffer 
(0.1 mol L−1 pH 7.4) with 2% paraformaldehyde and 2.5% glutaraldehyde for 12 h at 4 °C inconstant darkness. 
Then, the zoea was rinsed twice in the same buffer and post-fixed in cacodylate buffer (0.1 mol L−1 pH 7.4) with 
1% osmium tetroxide solution. The megalopae were fixed with a solution of 70% ethanol. The larvae were rinsed, 
dehydrated and preserved in 100% isopropanol and stained with a solution of 1% iodine in absolute ethanol for 
72 h. Following previous studies61, the larvae were submerged in hexamethyldisilazane for 4-5 hours and air-dried 
overnight. The dried specimens were placed in holders specially designed for small-sized animals, and the mount-
ing system was selected according to the animal size following Alba-Tercedor and Sáinz-Cantero62. A single 
zoea and two megalopae were mounted and examined. The zoea was mounted on the tip of a nylon filament line 
(a 200-µm diameter nylon fishing line) and glued using cyanoacrylate. The megalopae were mounted inside a 
small piece of BASOTECT® (melamine resin foam, BASF Chemical Company), whose very low density gives 
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low absorptive properties for the X-ray, so it can be easily eliminated during the segmentation procedure47. All 
samples were enclosed inside a plastic tube to avoid any movement caused by the forced refrigerating air during 
the scanning process.
The larvae were scanned in a SkyScan 1172 high-resolution microtomographer (Bruker microCT, Kontich, 
Belgium) with a Hamamatsu 80/250 source and a VDS 1.3 Mp camera. The scanning parameters for the zoea 
was setup as follows: isotropic voxel size 1.48 µm per pixel, source voltage 49 kV, source current 78 µA, and image 
rotation scan 180° with a 0.3° rotation step. The scanning parameters for the megalopae were setup as follows: 
isotropic voxel size 1.47 µm per pixel, source voltage 54 kV, source current 85 µA, and image rotation scan 180° 
with a 0.5° rotation step.
Bruker microCT SkyScan (www.skyscan.be) software (NRecon, DataViewer, CTAnalyser) was used for pri-
mary reconstructions and for the “cleaning” process to obtain the datasets of cross-sectional images (slices). The 
volume rendering images were obtained with the free SkyScan software CTVox (colour volume rendering images 
were obtained by varying the colour transfer function curves, in conjunction with the lighting and shadowing 
options). For a more detailed description of the process, see Alba-Tercedor63. Micro-CT studies were performed 
at the Department of Zoology of the University of Granada, Spain.
References
 1. FAO. FAO yearbook. Fishery and Aquaculture Statistics. (Food and Agriculture Organization of the United Nations, 2015).
 2. Anger, K. The Biology of Decapod Crustacean Larvae. (Balkema, A. A. Publishers, 2001).
 3. Socha, J. J. & De Carlo, F. Use of synchrotron tomography to image naturalistic anatomy in insects. Developments in X-Ray 
Tomography VI, Proc. SPIE (ed Stock, S. R.) 7078, 70780A1–70780A7 (2008).
 4. Betz, O. et al. Imaging applications of synchrotron X-ray phase-contrast microtomography in biological morphology and 
biomaterials science. I. General aspects of the technique and its advantages in the analysis of millimetre-sized arthropod structure. 
Journal of Microscopy 227, 51–71, https://doi.org/10.1111/j.1365-2818.2007.01785.x (2007).
 5. Sombke, A., Lipke, E., Michalik, P., Uhl, G. & Harzsch, S. Potential and limitations of X-Ray micro-computed tomography in 
arthropod neuroanatomy: A methodological and comparative survey. J. Comp. Neurol. 523, 1281–1295, https://doi.org/10.1002/
cne.23741 (2015).
 6. Harzsch, S. & Dawirs, R. R. On the morphology of the central nervous system in larval stages of Carcinus maenas L. (Decapoda, 
Brachyura). Helgoländer Meeresuntersuchungen 47, 61–79, https://doi.org/10.1007/bf02366185 (1993).
 7. Schlegel, C. Anatomie sommaire de la première zoé de Maja squinado Latr. (Note préliminaire à des recherches sur l’Organogénese 
des Décapodes brachyoures). Archives de Zoologie Experimentale et Générale 5º Série T. VIII (Série T. VIII.), 29–40 (1911).
 8. Trask, T. Laboratory-reared larvae of Cancer anthonyi (Decapoda: Brachyura) with a brief description of the internal anatomy of the 
megalopa. Marine Biology 27, 63–74, https://doi.org/10.1007/bf00394762 (1974).
 9. Nakamura, K. Organogenesis during metamorphosis in the swimming crab Portunus trituberculatus. Nippon Suisan Gakkaishi 56, 
1561–1564, https://doi.org/10.2331/suisan.56.1561 (1990).
 10. Spitzner, F. et al. An atlas of larval organogenesis in the European shore crab Carcinus maenas L. (Decapoda, Brachyura, Portunidae). 
Frontiers in Zoology 15, 27, https://doi.org/10.1186/s12983-018-0271-z (2018).
 11. Dinley, J. et al. Micro-computed X-ray tomography: a new non-destructive method of assessing sectional, fly-through and 3D 
imaging of a soft-bodied marine worm. Journal of Microscopy 238, 123–133, https://doi.org/10.1111/j.1365-2818.2009.03335.x 
(2010).
 12. Wanninger, A. The application of confocal microscopy and 3D imaging software in Functional, Evolutionary, and Developmental 
Zoology: reconstructing myo- and neurogenesis in space and time in Modern research and educational topics in microscopy. Vol. 1: 
Applications in Biology and Medicine (eds Méndez-Vilas, A. & Diaz, J.) 353–361 (FORMATEX, 2007).
 13. Klaus, A. V. & Schawaroch, V. Novel methodology utilizing confocal laser scanning microscopy for systematic analysis in arthropods 
(Insecta). Integrative and Comparative Biology 46, 207–214, https://doi.org/10.1093/icb/icj015 (2006).
 14. Zupo, V. & Buttino, I. Larval development of decapod crustaceans investigated by confocal microscopy: an application to Hippolyte 
inermis (Natantia). Marine Biology 138, 965–973, https://doi.org/10.1007/s002270000523 (2001).
 15. Buttino, I., Ianora, A., Carotenuto, Y., Zupo, V. & Miralto, A. Use of the confocal laser scanning microscope in studies on the 
developmental biology of marine crustaceans. Microscopy Research and Technique 60, 458–464, https://doi.org/10.1002/jemt.10284 
(2003).
 16. Kamanli, S. A., Kihara, T. C., Ball, A. D., Morritt, D. & Clark, P. F. A 3D imaging and visualization workflow, using confocal 
microscopy and advanced image processing for brachyuran crab larvae. Journal of Microscopy, https://doi.org/10.1111/jmi.12540 
(2017).
 17. Metscher, B. D. MicroCT for developmental biology: A versatile tool for high-contrast 3D imaging at histological resolutions. 
Developmental Dynamics 238, 632–640, https://doi.org/10.1002/dvdy.21857 (2009).
 18. Metscher, B. D. MicroCT for comparative morphology: simple staining methods allow high-contrast 3D imaging of diverse non-
mineralized animal tissues. BMC Physiology 9, 11, https://doi.org/10.1186/1472-6793-9-11 (2009).
 19. Metscher, B. Biological applications of X-ray microtomography: imaging micro-anatomy, molecular expression and organismal 
diversity. Microscopy and Analysis 27, 13–16 (2013).
 20. Nesteruk, T. & Wiśniewski, Ł. Microtomography in morphological studies of small invertebrates. Teka Komisji Ochrony i 
Kształtowania Środowiska Przyrodniczego O.L. PAN 12, 62–70 (2015).
 21. Hobbs, K. H. & Hooper, S. L. High-resolution computed tomography of lobster (Panulirus interruptus) stomach. J. Morphol. 270, 
1029–1041, https://doi.org/10.1002/jmor.10740 (2009).
 22. Sonakowska, L. et al. Structure and ultrastructure of the endodermal region of the alimentary tract in the freshwater shrimp 
Neocaridina heteropoda (Crustacea, Malacostraca). PLOS ONE 10, e0126900, https://doi.org/10.1371/journal.pone.0126900 (2015).
 23. Köhnk, S., Baudewig, J., Brandis, D. & Boretius, S. What’s in this crab? MRI providing high-resolution three-dimensional insights 
into recent finds and historical collections of Brachyura. Zoology 121, 1–9, https://doi.org/10.1016/j.zool.2016.11.004 (2017).
 24. Hayer, S., Köhnk, S., Boretius, S. & Brandis, D. Ever more complex: a new type of organization of reproductive organs in female 
Dorippe sinica Chen, 1980 (Decapoda: Brachyura: Dorippidae). Zoology 119, 455–463, https://doi.org/10.1016/j.zool.2016.04.006 
(2016).
 25. Nagler, C. et al. The bigger, the better? Volume measurements of parasites and hosts: Parasitic barnacles (Cirripedia, Rhizocephala) 
and their decapod hosts. PLOS ONE 12, e0179958, https://doi.org/10.1371/journal.pone.0179958 (2017).
 26. Richter, S. et al. Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary. Frontiers in Zoology 
7, 29, https://doi.org/10.1186/1742-9994-7-29 (2010).
 27. Gibson, R. & Barker, P. L. The Decapod Hepatopancreas. Oceanography and Marine Biology - An Annual Review 17, 285–346 (1979).
 28. Milne-Edwards, H. Histoire naturelle des crustacés: atlas. 84 (Libraire Encyclopédique de Roret, 1834).
 29. Davie, P. J. F., Guinot, D. & Ng, P. K. L. Anatomy and functional morphology of Brachyura in Treatise on Zoology - Anatomy 
Taxonomy Biology. The Crustacea Volume 9 Part C (eds Castro, P. et al.) 11–163 (Brill, 2015).
www.nature.com/scientificreports/
1 0Scientific REPORTs |  (2018) 8:14399  | DOI:10.1038/s41598-018-32709-3
 30. Icely, J. D. & Nott, J. A. Digestion and absorption: digestive system and associated organs in Microscopic Anatomy of Invertebrates. 
Volume 10: Decapod Crustacea (eds Harrison, F. W. & Humes, A. G.) 147–201 (Wiley-Liss, 1992).
 31. Felgenhauer, B. E. Internal Anatomy of the Decapoda: An Overview in Microscopic Anatomy of Invertebrates. Volume 10: Decapod 
Crustacea (eds Harrison, F. W. & Humes, A. G.) 45–75 (Wiley-Liss, 1992).
 32. Castejón, D., Rotllant, G., Ribes, E., Durfort, M. & Guerao, G. Morphology and ultrastructure of the esophagus during the ontogeny 
of the spider crab Maja brachydactyla (Decapoda, Brachyura, Majidae). J. Morphol. 279, 710–723, https://doi.org/10.1002/
jmor.20805 (2018).
 33. Castejón, D., Ribes, E., Durfort, M., Rotllant, G. & Guerao, G. Foregut morphology and ontogeny of the mud crab Dyspanopeus sayi 
(Smith, 1869) (Decapoda, Brachyura, Panopeidae). Arthropod Structure & Development 44, 33–41, https://doi.org/10.1016/j.
asd.2014.09.005 (2015).
 34. Castejón, D., Rotllant, G., Ribes, E., Durfort, M. & Guerao, G. Foregut morphology and ontogeny of the spider crab Maja 
brachydactyla (Brachyura, Majoidea, Majidae). J. Morphol. 276, 1109–1122, https://doi.org/10.1002/jmor.20404 (2015).
 35. Brösing, A. Recent developments on the morphology of the brachyuran foregut ossicles and gastric teeth. Zootaxa 2510, 1–44 
(2010).
 36. Erri Babu, D., Shyamasundari, K. & Rao, K. H. Studies on the digestive system of the crab Menippe rumphii (Fabricius) 
(Crustacea:Brachyura). J. Exp. Mar. Biol. Ecol. 58, 175–191, https://doi.org/10.1016/0022-0981(82)90128-9 (1982).
 37. Chisaka, H. & Kozawa, Y. Fine structure and mineralization of the gastric mill in the crayfish during intermolt stage. Journal of 
Crustacean Biology 23, 371–379, https://doi.org/10.1163/20021975-99990347 (2003).
 38. Kunze, J. & Anderson, D. Functional morphology of the mouthparts and gastric mill in the Hermit Crabs Clibanarius taeniatus 
(Milne Edwards), Clibanarius virescens (Krauss), Paguristes squamosus McCulloch and Dardanus setifer (Milne-Edwards) 
(Anomura: Paguridae). Marine and Freshwater Research 30, 683–722, https://doi.org/10.1071/MF9790683 (1979).
 39. Smith, R. I. The midgut caeca and the limits of the hindgut of Brachyura: A clarification. Crustaceana 35, 195–205, https://doi.
org/10.1163/156854078X00105 (1978).
 40. Geiselbrecht, H. & Melzer, R. R. Nervous systems in 3D: A comparison of caridean, anomuran, and brachyuran zoea-I (Decapoda). Journal 
of Experimental Zoology Part B: Molecular and Developmental Evolution 320, 511–524, https://doi.org/10.1002/jez.b.22528 (2013).
 41. Maynard, D. M. Circulation and heart function in The Physiology of Crustacea Vol. 1 (ed Waterman, T. H.) 161–225 (Academic Press, 
1960).
 42. McMahon, B. R. & Burnett, L. E. The crustacean open circulatory system: A reexamination. Physiological Zoology 63, 35–71, https://
doi.org/10.1086/physzool.63.1.30158153 (1990).
 43. Keiler, J., Richter, S. & Wirkner, C. S. Evolutionary morphology of the hemolymph vascular system in hermit and king crabs 
(Crustacea: Decapoda: Anomala). J. Morphol. 274, 759–778, https://doi.org/10.1002/jmor.20133 (2013).
 44. Davidson, G. W. & Taylor, H. H. Ventilatory and vascular routes in a sand-burying swimming crab, Ovalipes catharus (White, 1843) 
(Brachyura: Portunidae). Journal of Crustacean Biology 15, 605–624, https://doi.org/10.1163/193724095X00019 (1995).
 45. McGaw, I. J. The Decapod crustacean circulatory system: a case that is neither open nor closed. Microscopy and Microanalysis 11, 
18–36, https://doi.org/10.1017/S1431927605050026 (2005).
 46. McGaw, I. J. & Stillman, J. H. Cardiovascular system of the Majidae (Crustacea: Decapoda). Arthropod Structure & Development 39, 
340–349, https://doi.org/10.1016/j.asd.2010.05.003 (2010).
 47. Alba-Tercedor, J. & Alba-Alejandre, I. Comparing micro-CT results of insects with classical anatomical studies: The European honey 
bee (Apis mellifera Linnaeus, 1758) as a benchmark (Insecta: Hymenoptera, Apidae). Bruker Micro-CT Users Meeting, June 11–15, 
2017 (Brussels, Belgium), 147–167, http://bruker-microct.com/company/UM2017/2017_oral31_Alba-tercedor.pdf (2017).
 48. Simonsen, T. J. & Kitching, I. J. Virtual dissections through micro-CT scanning: a method for non-destructive genitalia ‘dissections’ 
of valuable Lepidoptera material. Systematic Entomology 39, 606–618, https://doi.org/10.1111/syen.12067 (2014).
 49. Guggenbuhl, P., Bodic, F., Hamel, L., Baslé, M. F. & Chappard, D. Texture analysis of X-ray radiographs of iliac bone is correlated 
with bone micro-CT. Osteoporosis International 17, 447–454, https://doi.org/10.1007/s00198-005-0007-8 (2006).
 50. Sengle, G., Tufa, S. F., Sakai, L. Y., Zulliger, M. A. & Keene, D. R. A correlative method for imaging identical regions of samples by 
micro-CT, light microscopy, and electron microscopy: imaging adipose tissue in a model system. Journal of Histochemistry & 
Cytochemistry 61, 263–271, https://doi.org/10.1369/0022155412473757 (2013).
 51. Balto, K., Muller, R., Carrington, D. C., Dobeck, J. & Stashenko, P. Quantification of periapical bone destruction in mice by micro-
computed tomography. Journal of Dental Research 79, 35–40, https://doi.org/10.1177/00220345000790010401 (2000).
 52. Kennel, S. J. et al. High resolution computed tomography and MRI for monitoring lung tumor growth in mice undergoing 
radioimmunotherapy: Correlation with histology. Medical Physics 27, 1101–1107, https://doi.org/10.1118/1.598974 (2000).
 53. Ziegler, A., Neues, F., Janáček, J., Beckmann, F. & Epple, M. Mineral in skeletal elements of the terrestrial crustacean Porcellio scaber: 
SRμCT of function related distribution and changes during the moult cycle. Arthropod Structure & Development 46, 63–76, https://
doi.org/10.1016/j.asd.2016.05.004 (2017).
 54. Ribi, W., Senden, T. J., Sakellariou, A., Limaye, A. & Zhang, S. Imaging honey bee brain anatomy with micro-X-ray-computed 
tomography. Journal of Neuroscience Methods 171, 93–97, https://doi.org/10.1016/j.jneumeth.2008.02.010 (2008).
 55. Ge, S.-Q. et al. Transformation of head structures during the metamorphosis of Chrysomela populi (Coleoptera, Chrysomelidae). 
Arthropod Systematics & Phylogeny 73, 129–152 (2015).
 56. Antunes-Carvalho, C. et al. Cephalic anatomy and three-dimensional reconstruction of the head of Catops ventricosus (Weise, 1877) 
(Coleoptera: Leiodidae: Cholevinae). Organisms Diversity & Evolution 17, 199–212, https://doi.org/10.1007/s13127-016-0305-3 
(2017).
 57. Franz-Guess, S., Klußmann-Fricke, B.-J., Wirkner, C. S., Prendini, L. & Starck, J. M. Morphology of the tracheal system of camel 
spiders (Chelicerata: Solifugae) based on micro-CT and 3D-reconstruction in exemplar species from three families. Arthropod 
Structure & Development 45, 440–451, https://doi.org/10.1016/j.asd.2016.08.004 (2016).
 58. Lowe, T., Garwood, R. J., Simonsen, T. J., Bradley, R. S. & Withers, P. J. Metamorphosis revealed: time-lapse three-dimensional 
imaging inside a living chrysalis. Journal of The Royal Society Interface 10, https://doi.org/10.1098/rsif.2013.0304 (2013).
 59. Guerao, G. et al. The larval development of Maja squinado and M. brachydactyla (Decapoda, Brachyura, Majidae) described from 
plankton collected and laboratory-reared material. Journal of Natural History 42, 2257–2276, https://doi.org/10.1080/00222930802254755 
(2008).
 60. Castejón, D., Rotllant, G., Giménez, L., Torres, G. & Guerao, G. The effects of temperature and salinity on the survival, growth and 
duration of the larval development of the common spider crab Maja brachydactyla (Balss, 1922) (Brachyura: Majidae). Journal of 
Shellfish Research 34, 1073–1083, https://doi.org/10.2983/035.034.0334 (2015).
 61. Alba-Tercedor, J. Microtomographic study on the anatomy of adult male eyes of two mayfly species. Zoosymposia 11, 101–120, 
https://doi.org/10.11646/zoosymposia.11.1.13 (2016).
 62. Alba-Tercedor, J. & Sáinz-Cantero Caparrós, C. E. Volume rendering reconstructions of the anatomy of small aquatic beetles 
(Insecta: Coleoptera) scanned with the Skyscan 1172 high resolution micro-CT. SkyScan Micro-CT Users Meeting, April 3–5, 2012 
(Brussels, Belgium), 75–84, http://www.skyscan.be/company/UM2012/01.pdf (2012).
 63. Alba-Tercedor, J. From the sample preparation to the volume rendering images of small animals: A step by step example of a 
procedure to carry out the micro-CT study of the leafhopper insect Homalodisca vitripennis (Hemiptera: Cicadellidae). Bruker 
Micro-CT Users Meeting, May 5–8, 2014, (Ostend, Belgium), 260–288, http://bruker-microct.com/company/UM2014/000_
AbstractBook2014.pdf (2014).
www.nature.com/scientificreports/
1 1Scientific REPORTs |  (2018) 8:14399  | DOI:10.1038/s41598-018-32709-3
Acknowledgements
Financial support was provided by the Spanish Ministry of Economy and Competitiveness through the INIA 
project (grant number RTA2011-00004-00-00) to G.G. and a pre-doctoral fellowship to D.C. (FPI-INIA). The 
authors would like to thank the IRTA at Sant Carles de la Ràpita for the use of their facilities to culture the spider 
crab larvae and carry out the histology procedures. We would also like to thank the technicians, in particular 
David Carmona, Glòria Macià, Magda Monllaó, Francesc X. Ingla and Olga Bellot, for their assistance. We also 
thank the staff of Bruker SkyScan for their effectiveness and fast support, for their constant improvements to 
the software, and for implementing the new options we requested. In this respect, we are especially indebted to 
Alexander Sasov, Stephan Boons, Xuan Liu, Phil Salmon, and Vladimir Kharitonov.
Author Contributions
D.C. performed the animal culture, histology protocols and observations, figure assembling, and first manuscript 
draft. J.A.T. performed all the activities related to micro-C.T., from treatment of fixed specimens to final rendering 
of reconstructions and video assembly. G.R. provided support for the larval culture and revised the translation of 
the manuscript. E.R. and M.D. provided support and materials for the histology protocols. G.G. is the principal 
investigator and provided support for the larval culture. All authors revised the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32709-3.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
